Twelve denitrifying bacteria representing six genera were tested for an ability to nitrify pyruvic oxime heterotrophically. Six The occurrence in natural environments of substrates well suited for heterotrophic (as opposed to autotrophic) nitrification is demonstrated by the accumulation of oximes (formal charge of N-) by plants and animals (25) and by the production of hydroxamic acids (also N-) by a variety of microbes in pure culture (10, 15). Hydroxamic acid siderophores (chelators) are produced by soil heterotrophs and used for the uptake of iron (15). Such compounds are found in soils under diverse climates around the world (1, 18). We note that certain common soil bacteria, such as Arthrobacter spp. (2), contain strains which require hydroxamic acids for growth (10).
Nitrification has been defined as the conversion of reduced nitrogenous compounds, either organic or inorganic, to others having nitrogen in more oxidized states (3) . The bulk of global nitrification is usually attributed to the oxidation of inorganic nitrogenous compounds by chemolithotrophic bacteria such as Nitrosomonas and Nitrobacter spp. (11) . Yet nitrification is by no means limited to chemoautotrophs; numerous heterotrophic bacteria and fungi have the ability to oxidize a variety of nitrogenous compounds (23) .
The occurrence in natural environments of substrates well suited for heterotrophic (as opposed to autotrophic) nitrification is demonstrated by the accumulation of oximes (formal charge of N-) by plants and animals (25) and by the production of hydroxamic acids (also N-) by a variety of microbes in pure culture (10, 15) . Hydroxamic acid siderophores (chelators) are produced by soil heterotrophs and used for the uptake of iron (15) . Such compounds are found in soils under diverse climates around the world (1, 18) . We note that certain common soil bacteria, such as Arthrobacter spp. (2) , contain strains which require hydroxamic acids for growth (10) .
The most active heterotrophic nitrifier as yet reported is an Alcaligenes sp. isolated from soil (5, 6, 8, 9) . This bacterium can oxidize pyruvic oxime (PO) but is inactive, or nearly so, toward some other simple oximes (8, 9) . It is also capable of the assimilation of nitrate (5) and denitrification (7) . The ability to carry out both heterotrophic nitrification and denitrification has been established with certainty among bacteria only with the Alcaligenes sp., but this dual ability can be presumed to apply also to a strain of Pseudomonas aeruginosa which can oxidize acetaldoxime nitrogen to nitrite (4, 17) .
We examine herein the ability of a number of common denitrifiers to nitrify (oxidize) the nitrogen of a repre-NOH 11 sentative simple oxime, PO (CH3--C-OOH), and hydroxylamine (NH-OH). The work is part of a wider study to better define the role and metabolism of heterotrophic nitrifiers in the nitrogen cycle. Verstraete and Alexander (24) . Individual colonies on PO-YE plates were used to inoculate liquid PO-YE medium or a liquid medium consisting of 15 mM POmineral salts (PO-MS) medium. Liquid cultures (100 ml) were incubated in 500-ml Erlenmeyer flasks with a gyratory shaker rate of 280 rpm to assure adequate oxygenation (8) . Secondary liquid cultures used for quantitative measurements were inoculated by a 100-fold dilution of a previous culture which was in late exponential growth. Cultures were incubated at 30°C except for Neiserria sicca, which was incubated at 37°C. Media used for agar plates were solidified with 1.8% agar.
Resting cell experiments. Bacteria were grown for 2 days (1 day for Alcaligenes faecalis) as described above in PO-YE medium and then were harvested by centrifugation at 0 to 4°C. The cells were washed twice with cold mineral salts mixture (lacking C and N compounds) and finally resuspended in an appropriate volume of the same mixture. The determination of PO or NH2OH oxidation activity at 21 to 23°C was as previously described (8), except that the initial concentration of PO or NH2OH was 2 mM.
Analytical methods. Cell protein was determined by the method of Herbert et al. (14) . PO was measured by the bound hydroxylamine assay (5) developed by Verstraete and Alexander (24) . Free NH2OH was measured by the method of Magee and Burris (16) after interfering nitrite had been destroyed by the addition of 0.5% sulfamic acid (24) . Nitrite and nitrate were assayed by, respectively, the diazotization fiETEROTROPHIC NITRIFICATION AMONG DENITRIFIERS 621 (20) .
RESULTS
All 12 bacteria grew on PO-YE plates, and only N. sicca failed to grow in PO-YE liquid medium. Nitrification, as measured by PO uptake and nitrite production, did not always accompany growth. Chromobacterium violaceum, Flavobacterium sp., Pseudomonasfluorescens 401, Pseudomonas stutzeri, and Paracoccus denitrificans had little or no ability to metabolize P0 and produce nitrite (or nitrate) in PO-YE medium. On the other hand, six bacteria were able to convert PO to nitrite with little nitrate formation when inoculated in that medium. For these active bacteria, three patterns were observed ( Fig. 1 ): (i) rapid growth, with nitrification of PO occurring chiefly after growth had ceased (Pseudomonas denitrificans [ Fig. 1A]) ; (ii) rapid initial growth involving little nitrite production, followed by slower growth during which nitrite was formed from PO (Pseudomonas aureofaciens [ Fig. 113]) ; and (iii) rapid growth to a high cell density and rapid concomitant nitrification of PO (A. faecalis [ Fig. 1C] ). The first of these patterns was also exhibited by (Table 2 ), but for these bacteria, cell yield was lower than for Pseudomonas denitrificans, and less than half of the PO nitrogen had been oxidized after 14 days. Pseudomonas aureofaciens was the only denitrifier examined which could grow and nitrify in PO-MS medium in which PO served as the sole source of C and N (Table 3 ). In resting cell experiments, A. faecalis was by far the most active organism in oxidizing PO to nitrite (Table 4) , but it had little or no ability to oxidize NH2OH. Eight of the other bacteria could oxidize NH2OH to nitrite and exhibited greater activity toward NH2OH than toward PO (except perhaps for Pseudomonas stutzeri). The NH2OH-oxidizing activity of Pseudomonas aureofat iens is the greatest reported thus far for any heterotrophic nitrifier. Three bacteria were inactive toward both substrates in the resting state (Table 4 ).
DISCUSSION
The pattern of Fig. 1A Table 2 . [21]) was the most numerous denitrifier in world soils and accounted for 36% of the isolates. The second most numerous group resembled A. faecalis and accounted for 14% of the isolates. Pseudomonas aeruginosa and Pseudomonas aureofaciens were also frequently encountered. Thus, it would seem that the abilities to denitrify and nitrify heterotrophically are often found in the same organism in the environment. Although we cannot now rationalize this connection satisfactorily, we nevertheless speculate that there may be advantages in having both abilities when 02 partial pressures fluctuate in soils, as may occur after rain or temperature changes. Under aerobic conditions, heterotrophic nitrification could generate nitrite (or nitrate) which would then be available for denitrification after the onset of anaerobic conditions. There seems to be little information, however, on whether suitable substrates (e.g., oximes and hydroxamates) are commonly produced in amounts or at rates large enough to make the above idea quantitatively reasonable.
